Introduction
There are only a few targeting therapies for critically ill patients in the intensive care unit (ICU) who are suffering from complex and potentially life-threatening illnesses, such as acute respiratory distress syndrome and multiple organ failure. Hence, severe inflammation is recognized as a considerable problem in the care of these critically ill patients when resolution of inflammation fails to induce homeostasis (1) . It is evident that nonresolving inflammation may lead to the activation of chronic inflammatory processes and ultimately to the development of organ dysfunction and the incurrence of comorbidities (2, 3) . The initiation of this pivotal process is guided by diverse classes of mediators including cytokines, chemokines, and lipid mediators (3, 4) . These mediators initiate the influx of proinflammatory cells that cause tissue injury. Following the initiation of an inflammatory response, when self-limited, a superfamily of endogenous mediators (SPMs) is generated to activate processes for resolution, indicating that the resolution of inflammation is a process that is distinct from antiinflammatory mechanisms (5) . The key steps in this phase include (a) cessation of further PMN influx, (b) normalization of chemokine/cytokine gradients, (c) apoptosis of PMNs, (d) activation of macrophage (MΦ) phagocytosis and efferocytosis, and (e) generation of endogenous proresolving mediators (i.e., SPMs).
A paradigm for neuronal guidance proteins (NGPs) and their target receptors exists in the developing nervous system, where neuronal movement is mediated by the interplay of both attractive and repulsive signals. Analogies with axonal migration have postulated that these NGPs play an important role outside the central nervous system in guiding leukocyte migration (6) (7) (8) (9) (10) (11) . Neo1, a type I transmembrane protein and receptor for Netrin-1 and the repulsive guidance molecules (RGMs), is recognized to be essential in neurogenic and embryonic processes, in which it contributes to chondrogenesis, myogenesis, organ-specific development of the mammary gland, and neural tube formation (12) (13) (14) . Recent studies have shown Neo1 to have pivotal nonneuronal functions during the onset of acute inflammation (9, 15, 16) . However, the primary issue with inflammation is not the frequency of its initiation, but rather the formation of excessive or unresolved processes (2, 5) . This notion, coupled with its immunomodulatory attributes, led us to question whether Neo1 might contribute to local inflammation resolution mechanisms and tissue regeneration processes.
Our studies revealed that functional inhibition of Neo1 induced apoptosis of neutrophils, which is a key feature of the initiation of the inflammation resolution mechanism (17) and ultimately shortened the neutrophil lifespan. Functional inhibition of Neo1 activated eat-me and find-me signals and G proThe resolution of inflammation is an active process that is coordinated by endogenous mediators. Previous studies have demonstrated the immunomodulatory properties of the axonal guidance proteins in the initial phase of acute inflammation. We hypothesized that the neuronal guidance protein neogenin (Neo1) modulates mechanisms of inflammation resolution. In murine peritonitis, Neo1 deficiency (Neo1 -/-) resulted in higher efficacies in reducing neutrophil migration into injury sites, increasing neutrophil apoptosis, actuating PMN phagocytosis, and increasing the endogenous biosynthesis of specialized proresolving mediators, such as lipoxin A4, maresin-1, and protectin DX. Neo1 expression was limited to Neo1-expressing Ly6C hi monocytes, and Neo1 deficiency induced monocyte polarization toward an antiinflammatory and proresolving phenotype. Signaling network analysis revealed that Neo1 -/-monocytes mediate their immunomodulatory effects specifically by activating the PI3K/AKT pathway and suppressing the TGF-β pathway. In a cohort of 59 critically ill, intensive care unit (ICU) pediatric patients, we found a strong correlation between Neo1 blood plasma levels and abdominal compartment syndrome, Pediatric Risk of Mortality III (PRISM-III) score, and ICU length of stay and mortality. Together, these findings identify a crucial role for Neo1 in regulating tissue regeneration and resolution of inflammation, and determined Neo1 to be a predictor of morbidity and mortality in critically ill children affected by clinical inflammation. transplant chimeric mouse experiments showed hematopoietic Neo1 repression to be crucial for the reduction of Ly6C hi monocytes, the increase of Ly6C lo monocytes, and finally, the increase in clearance. In our analysis, we found Neo1 -/-monocytes to activate the PI3K/AKT pathway and suppress the TGF-β pathway, both of which are critical in restricting proinflammatory and promoting antiinflammatory responses and activating the monocyte and monocyte-derived MΦ polarization toward the proresolving phenotype. In line with these results, in an observational clinical study that included 59 critically ill ICU pediatric patients suffering from, in part, intraabdominal hypertension (IAH), abdominal compartment syndrome (ACS), internal cardiac and oncologtein-coupled receptors (GPCRs) in human apoptotic PMNs or macrophages (MΦ) to mediate proresolving actions. In a model of murine peritonitis, we found that deficiency of Neo1 led to antiinflammatory, proresolving, and proregenerative effects, as shown by reduced PMN infiltration to the site of inflammation, increased neutrophil apoptosis, enhanced local clearance via phagocytosis of apoptotic cells, and the biosynthesis of local endogenous proresolving lipid mediators (i. Statistical analysis was done by ANOVA followed by Bonferroni's post hoc test, *P < 0.05, **P < 0.01, ***P < 0.001.
Volume 128 Number 10 October 2018 1A). In apoptotic PMNs, blockade of Neo1 induced the expression of the decoy receptor IL-1R2, which is known for its strong impact on limiting the proinflammatory effects of IL-1β ( Figure 1A ) (20) . It is evident that apoptotic neutrophils induce their own clearance by expressing find-me and eat-me signals (17, 21) . Therefore, we sought to determine the expression of CX 3 CL1, a critical protein contributing as a find-me signal in MΦ, and its receptor CX 3 CR1, which is crucial for sensing chemokines and recruiting monocytes (22) . We found that blockade of Neo1 markedly increased both the CX 3 CL1 mRNA in apoptotic PMNs and the CX 3 CR1 mRNA in MΦ. These data were substantiated by increased levels of one of the most crucial eat-me receptors, TIM4, which mediates the direct recognition of phosphatidylserine by MΦ. (Figure 1B ). In addition to neutrophil apoptosis, MΦ efferocytosis is a key feature of resolution programs. We therefore set out to investigate the expression of Neo1 in human MΦ and PMNs ( Figure 1C and Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI96259DS1). Our data revealed a strong induction of Neo1 expression in MΦ following IL-1β stimulation. We found that the functional inhibition of Neo1 significantly increased the phagocytosis rate in a dose-dependent manner. These results were confirmed by immunofluorescence analysis ( Figure 1D ). In subsequent E. coli efferocytosis studies as a surroical diseases, or being cared for after surgical interventions, we found a strong correlation among plasma Neo1 levels and IAH, ACS, severity of illness, ICU length of stay, and survival. Our studies indicate a critical role for Neo1 in controlling processes involved in the inflammation resolution and tissue regeneration phases, and they may represent an advance in our understanding of the pathways that can restrain or promote the resolution of inflammation. In turn, our data may help identify new potential targets in diseases of major global health significance.
Results
Impact of Neo1 on human PMN apoptosis and macrophage efferocytosis. It is now evident that the failed clearance of dying cells alters immune tolerance and promotes nonresolving inflammation (2, 17) . In the early phase of inflammation, apoptosis of neutrophils induces neutrophil functional shutdown, which is a key feature of the initiation of inflammation resolution mechanisms (18, 19) . We therefore sought to investigate whether Neo1 plays a role in the apoptosis of neutrophils. Human PMNs were stimulated with vehicle or LPS (100 ng/ml) and/or anti-Neo1 antibody (Ab) and then allowed to undergo apoptosis for 20 hours. apoptosis, as an important control point in resolution processes, was enhanced in Neo1 -/-mice compared with the littermate control animals ( Figure 2D ). This was accompanied by a significant reduction in the classical Ly6C hi monocytes and an increase in the alternatively activated Ly6C lo monocytes and peritoneal MΦ Neo1 -/-mice versus controls ( Figure 2E ). In this context, the phagocytosis of apoptotic neutrophils was strongly enhanced in Neo1 -/-mice, suggesting that Neo1 affects a delayed-resolution phenotype in acute peritonitis ( Figure 2F ). To underline the influence of Neo1 on the resolution phase, we then measured the levels of IL-6, KC, MIP2, and MCP-1 within the peritonitis lavages collected 12 hours after zymosan A (ZyA) injection and found significantly decreased levels in Neo1-deficient exudates compared with WT controls (Supplemental Figure 2A ). To further substantiate the temporal pattern of Neo1-mediated influence on efferocytosis and tissue homeostasis, we collected peritoneal MΦ either from WT or Neo1 -/-mice, and the phagocytosis of fluorescent ZyA particles was determined at 2, 4, and 6 hours after injection. Our data demonstrate that depletion of Neo1 markedly increases the phagocytosis rate at the indicated time points (Supplemental Figure 2B) . Together, these data point to a role for Neo1 in the initiation and resolution of inflammatory processes, particularly in the removal of apoptotic cells.
Neo1 expression is confined to peritoneal Ly6C hi monocytes. After demonstrating that Neo1 controls apoptosis and phagocytosis programs in vitro and in vivo, we next aimed to investigate more precisely the role of Neo1 in the regulatory mechanisms underlying these processes. It is evident that monocytes derived from precursors in the bone marrow circulate first in the blood, and from there into tissues to mature to macrophages (24) . Knowing that Ly6C is mainly expressed on the migrating inflammatory monogate for infection-resolving actions, we were able to corroborate our results ( Figure 1E ). Given that GPCRs such as ALX/FPR2 and DRV1/GPR32 have been shown to mediate proresolving actions (23) , we demonstrated that stimulation with anti-Neo1 plus IL-1β significantly augmented the mRNA levels of these 2 receptors in MΦ ( Figure 1F ). These findings showed that functional inhibition of Neo1 plays an important regulatory role in resolving inflammation, by sensing and detecting dying and apoptotic neutrophils in the early stages of inflammation and by phagocytizing and subsequently removing them in later stages of inflammation.
Mice deficient in Neo1 display a reduction in PMN recruitment, enhancement of neutrophil apoptosis, and augmentation of efferocytosis. Based on the results described above, we hypothesized that Neo1 is a major player in the active resolution of acute inflammatory responses. As mentioned before, key characteristics of resolution are the cessation of neutrophil migration, the enhancement of uptake and clearance of apoptotic cells and microorganisms in inflamed tissues, and the biosynthesis of proresolving mediators (5) . Using mice deficient in Neo1 (Neo1 -/-), we modeled a self-limited resolving murine peritonitis and examined the cellular events in both the early phase and the resolution phase. In a time series (4 hours, 12 hours, 24 hours, and 48 hours), wild-type (WT) littermates displayed maximal PMN infiltration at 4 hours in the peritoneal exudates (Figure 2A ), followed by a reduction, providing a resolution interval (Ri) of 27 hours. In Neo1 -/-mice, we found a strong reduction in leukocyte recruitment, with a shift of maximal PMNs to 12 hours and a resolution interval of 9 hours ( Figure 2B ). Additionally, TNF-α and IL-1β, 2 well-known proinflammatory cytokines that mediate the inflammatory response and contribute to apoptotic cell death, were significantly decreased ( Figure 2C ). Neutrophil -/-monocytes. (B) Ly6C expression and (C) Neo1 expression in bone marrow monocytes and peritoneal monocytes were determined by flow cytometry. The results represent 2 independent experiments and are expressed as median ± 95% CI (n = 8-12 per group). Statistical analysis was done by 1-way ANOVA followed by Bonferroni's post hoc test, *P < 0.05, **P < 0.01, ***P < 0.001. jci.org Volume 128
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mental Figure 3 , A and B). Ly6C, known to be mainly expressed on migrating proinflammatory monocytes, was significantly reduced in peritoneal Neo1 -/-monocytes compared with littermate controls ( Figure 3B ). This effect was also reflected in the bone marrow chimeric animals with hematopoietic Neo repression (Supplemental Figure 3C ). We were able to show that Ly6C MFI is strongly decreased in Ly6C hi cells in bone marrow chimeric animals with hematopoietic Neo repression, suggesting that Neo1 impacts the proinflammatory Ly6C hi monocytes. These findings suggest that upon activation and migration to the site of inflammation, Ly6C hi monocytes induce Neo1 expression, enabling them to contribute to the immune response.
Neo1-dependent monocyte intracellular signaling. To investigate the mechanisms by which Neo1 impedes the resolving/ regenerative effects, peritoneal monocytes from WT and Neo1 -/-mice were collected for microarray analysis 12 hours after ZyA induction of peritonitis ( Figure 4 and Figure 5 ). Analysis of protein microarray data demonstrated that Neo1 -/-monocytes activate the PI3K/AKT pathway, which is crucial in restricting proinflammatory responses, promoting antiinflammatory responses, and activating the monocyte differentiation and polarization toward a proresolving phenotype (Figure 4 , Figure 5B , Supplemental Figure 1 , and Supplemental Table 1 ) (26, 27) . The cyte population with less expression on the alternatively activated monocytes (25), we determined the Ly6C expression in bone marrow monocytes (BMMs) and the peritoneal monocytes in WT and Neo1 -/-mice 12 hours after ZyA injection. Interestingly, we found that proinflammatory Ly6C hi monocytes had increased Ly6C expression after leaving the bone marrow and migrating into the peritoneal cavity ( Figure 3, A and B) . This increase in Ly6C expression was significantly reduced in peritoneal Neo1 -/-monocytes compared with littermate controls. We then examined the Neo1 expression in BMMs and peritoneal monocytes and found Neo1 expression to be specifically restricted to the peritoneal inflammatory Ly6C hi monocytes ( Figure 3C ). To more precisely determine the migration patterns of Ly6C hi monocytes, we generated chimeric animals through bone marrow transplantation between Neo1 +/+ and Neo1 -/-mice and vice versa, with WT to Neo1 +/+ and Neo1 -/-to Neo1 -/-transplanted animals as controls for nonspecific radiation effects. We then exposed the chimeric animals to ZyA peritonitis and analyzed the cellular events in defined time intervals (4 hours and 12 hours). Bone marrow chimeric animals with hematopoietic Neo1 repression demonstrated a strong reduction in the classical Ly6C hi , an increase in the nonclassical Ly6C lo monocytes, and finally an increase of the MΦ phagocytosis of apoptotic PMNs in both time points (Supple- expression and/or phosphorylation of enzymes such as AKT1, AKT2, MAPK1, MAPK3, mTOR, PIK3R1, and PIK3R3, which are required for AKT activity, were increased in Neo1 -/-monocytes. The TGF-β pathway plays divergent roles in the innate immune system (28) . Our microarray data on Neo1 -/-monocytes revealed TGF-β signaling to be activated specifically in the context of cell apoptosis, whereas in WT monocytes TGF-β signaling is induced and associated with proinflammatory monocyte migration, fibrosis, chronic inflammation, and cell survival ( Figure 5A , Supplemental Figure 4 , and Supplemental Table 1 ). Collectively, these findings provide evidence that deficiency of Neo1 contributes to proresolving and proregenerative actions in monocytes and ultimately in MΦ, and this action is associated with the PI3K/AKT/ mTOR and TGF-β signaling pathways.
Impact of Neo1 on lipid mediator biosynthesis. The SPMs -namely, lipoxins, resolvins, protectins, and maresins -have been identified as important determinants of inflammation resolution (5) . To examine whether Neo1 impacts the generation of SPMs during inflammation resolution, we carried out liquid chromatographytandem mass spectrometry-based (LC-MS/MS-based) profiling. In inflammatory peritoneal exudates obtained from Neo1 -/-mice and their littermate controls, we identified SPMs as well as their precursors and pathway markers. Specifically, we identified arachidonic acid-derived LXA 4 ( Figure 6 , A and D), docosahexanoic acid-derived (DHA-derived) PDX (also referred to as 10S,17S-diH-DHA), and Mar1 to be increased in Neo1 -/-( Figure 6 , B and D). It is well appreciated that prostanoids such as PGD 2 , PGE 2 , and PGI 2 elicit immunomodulatory and antiinflammatory effects (23, (29) (30) (31) . In particular, PGD 2 and PGE 2 , which are known to induce the inflammatory response, subsequently stimulate antiinflammatory effects by activating the 15-LOX in neutrophils to ultimately promote lipid mediator class-switching during the resolution of acute inflammation. Our data demonstrate the enhanced production of PGD 2 and PGE 2 in the initial phase, suggesting that the mediator class switch is implemented in the resolution phase ( Figure 6A and Supplemental Table 2 ) (31). We also found enhanced levels of the arachidonic acid-derived products 5-hydroxyeicosatetraenoic acid (5-HETE) and 15-HETE, and the eicosapentaenoic acid-derived (EPA-derived) 15-hydroxyeicosapentaenoic acid (15-HEPE) and 18-HEPE in Neo1 -/-( Figure 6 , A and C). Furthermore, metabolites 14,15-diHETE and 19,20-DiHDPA produced by cytochrome P450 epoxygenases, and the actions of soluble epoxidehydrolase (sEH), thus belonging to a different class of antiinflammatory and proresolving lipids, were also significantly increased in Neo1-deficient mice ( Figure 6, A and B) . Knowing that the enzymes 5-LOX and 12/15-LOX contribute to the generation of proresolving mediators poral regulation of Neo1 during the initiation and resolution phase ( Figure 7C ). Exudate Neo1 was markedly increased between 4 hours and 24 hours and subsequently decreased at the end of the resolution phase, suggesting that Neo1 impacts processes during initiation and resolution/regeneration of acute inflammation. To clarify whether Neo1 expression is cell type-specific and not only related to the cell trafficking events, we determined the Neo1 expression on cellular exudates and found Neo1 to be strongly increased between 4 hours and 12 hours, followed by a decrease at the end of the resolution phase (Supplemental Figure 5) .
Functional inhibition of Neo1 promotes the resolution and regeneration processes.
Having shown that endogenous deletion of Neo1 initiated the resolution of acute inflammation by inducing the apoptosis of PMNs, the cessation of PMN influx, efficient clearance of PMNs, and the biosynthesis of SPMs, we next sought to investigate whether anti-Neo1 has any therapeutic efficacy in acute inflammation (e.g., potentially resolving processes such as peritonitis). When a functional anti-Neo1 Ab was given as a prophylactic treatment (in parallel with ZyA injection) for murine peritonitis, WT mice displayed reduced PMN infiltration and shortened resolution interval, from 26 hours to 7 hours (Figure 8, A and B) . Furthermore, administration of an anti-Neo1 Ab decreased classical Ly6C hi monocytes and increased nonclassical Ly6C lo monocytes and MΦ, which led to strong enhancement of MΦ clearance of apoptotic PMNs ( Figure 8C) . Also, the inflammation-initiated cytokines, such as TNF-α, IL-1β, IL-6, and keratinocyte chemoattractant (KC, IL-8 in humans), were reduced ( Figure 8D ). In a second set of experiments, we investigated the therapeutic administration of an anti-Neo1 Ab. The agent was given at the peak of inflammation as monitored by maximal neutrophil recruitment, and peritoneal lavages were collected at 12, 24, and 48 hours. As expected, we found activation of cardinal signs of resolution with a shortening of the resolution interval from 23 hours to only 16 hours ( Figure 9, A and B) , suggesting a stronger treatment effect and finally to increased resolution effects, we incubated peritoneal MΦ from WT or 12/15-LOX-deficient mice with Neo1 Ab and found a reduced efferocytosis rate of fluorescence-labeled ZyA particles after stimulation with Neo1 Ab (Supplemental Figure 6D) . In a second set of experiments, we incubated peritoneal MΦ from WT or Neo1
-/-mice with 5-LOX and 12/15-LOX inhibitors baicalein or cinnamyl-3,4-dihydroxy-α-cyanocinnamate (CDC) and found a reduced ZyA efferocytosis rate in Neo1 -/-cells (Supplemental Figure  6E) . To substantiate these data we incubated human MΦ with Neo1 Ab and baicalein or CDC. The impact of Neo1 inhibition on MΦ phagocytosis was significantly reduced when costimulated with 5-LOX and 12/15-LOX inhibitors, suggesting that the Neo1 effects on resolution are 5-LOX and 12/15-LOX dependent (Supplemental Figure 6F ). This result is consistent with the increased biosynthesis of the 5-LOX-and 12/15-LOX-dependent proresolving mediators, such as LXA 4 , Mar1, and PDX in the Neo1 -/-mice. Taken together, these results strongly highlighted that targeted deletion of Neo1 modulates the lipid mediator profile in murine exudates toward an antiinflammatory and proresolving state.
Genetic deletion of Neo1 contributed to tissue regeneration mechanisms in vivo.
After demonstrating that genetic deletion of Neo1 promoted key resolution features, we turned our attention to the influence of Neo1 on tissue repair/regeneration and found increased levels of IL-10 and TGF-β peritonitis exudate, 2 parameters contributing to peritoneal tissue repair and regeneration in Neo1 -/-mice ( Figure 7A ) (2, 18, 32) . This is in line with our cellular data that shows Neo1 -/-monocytes activate the PI3K/AKT pathway for the induction of cell polarization toward the M2 phenotype. To substantiate this proregenerative impact, we performed a staining for proliferating cell-nuclear antigen (PCNA) within the peritoneum, which displayed an index increase of approximately 20% in Neo1 -/-peritonitis compared with the WT group ( Figure  7B ). Since our data revealed Neo1 to be a negative regulator in the resolving and regenerative processes, we next elucidated the tem- clearance of apoptotic PMNs (Supplemental Figure 7) . Studies have revealed Neo1 to be a specific receptor for 2 ligands, namely Netrin-1 and RGM-A (12, 13). We incubated peritoneal MΦ from WT and Neo1 -/-mice with RGM-A or Netrin-1 to determine a possible influence on MΦ efferocytosis of fluorescent ZyA particles. Collected data revealed that RGM-A did not increase MΦ clearance in the Neo1 -/-cells. When MΦ were stimulated with Netrin-1, efferocytosis was not significantly affected, suggesting that the actions of Neo1 are RGM-A dependent (Supplemental Figure 8) .
These results indicate a critical role for the functional inhibition of Neo1 in controlling inflammation processes in the resolution and regeneration phases, and might demonstrate a possible therapeutic approach.
Plasma Neo1 is increased in critically ill pediatric patients with IAH or ACS and it is associated with clinical outcome.
To translate our preclinical findings to humans, we investigated the association between Neo1 blood plasma levels and IAH grade, ACS, severity of illness, pediatric ICU (PICU) length of stay, and survival in a cohort of 59 critically ill pediatric patients partly suffering from abdominal compartment syndrome (ACS). In brief, we prospectively enrolled medical and surgical patients ranging in age from newborn to 17 years old with cardiac or oncological diseases, or after surgical interventions. In all enrolled subjects, intensive care monitoring was urgently indicated (i.e., admission when anti-Neo1 Ab was given at the onset of inflammation. To further validate the proresolving attributes of the functional inhibition of Neo1, we examined the exudate IL-10 and TGF-β levels, which contribute to resolution and regenerative programs (18) (Figure 9C ). Here, we found increased levels of both cytokines following anti-Neo1 Ab administration. To corroborate these results, we performed immunohistochemical characterization of PCNA, and found improved responses in tissue repair ( Figure 9D) . Finally, to clarify whether the loss of Neo1 with genetic deletion or with anti-Neo1 Ab treatment may blunt the initial inflammatory response, giving the false appearance of improved resolution, we first examined the biosynthesis of the lipid mediators specific to the resolution processes at a later time point (12 hours after ZyA injection), and found increased levels of specifically arachidonic acid-derived LXA 4 and DHA-derived PDX in Neo1 -/-(Supplemental Figure 6 , A-C). Then we exposed WT mice to ZyA peritonitis and this time the anti-Neo1 Ab was given in the resolution phase 6 hours after ZyA injection (e.g., regression of the neutrophil infiltration). The samples were collected 12 hours after ZyA injection. As expected, the collected data demonstrate that supplementation of anti-Neo1 6 hours after ZyA injection promotes the resolution/ regeneration mechanism by decreasing the classical Ly6C hi monocytes and increasing the nonclassical (M2) Ly6C lo monocytes and macrophages that indicate a strong enhancement of macrophage in affected children correlated with PRISM-III score, IAH grade, and clinically established laboratory parameters such as serum C-reactive protein (CRP), lactate, creatinine, and bilirubin (Figure 10C) . We also compared conventional laboratory inflammatory parameters with the above-mentioned organ and outcome parameters. Only CRP showed correlations comparable to those of Neo1 (related to Rho and P values). In contrast to Neo1, to our knowledge CRP has never shown any prognostic value with regard to the development of IAH or ACS. Only D-lactate was identified in the context of 2 animal studies as a biomarker for the development of ACS in the past (34, 35) . In the pediatric literature, there is no study that would have identified a biomarker for the development of an AKS. Procalcitonin (PCT; n = 6) did show higher correlation coefficients (especially for creatinine, PICU length of stay, and PRISM-III scores); however, these results did not reach statistical significance, probably because PCT was only determined in 6 children on admission to our PICU (Supplemento PICU). Due to the different severities of the patients' illnesses, a selective division into 3 test groups was possible. The criteria were Pediatric Risk of Mortality III score (PRISM-III score), organ dysfunction, and intraabdominal pressure (IAP) level. Patient demographic and clinical data are shown in Figure 10 , A and B, Table 1, Table 2, Supplemental Table 3 , and Supplemental Table 4 . The severity of illness was assessed by the PRISM-III score. The vital signs, other cardiorespiratory parameters, drug administration, IAP, and fluid balances were recorded continuously. With regard to ACS associated with substantial morbidity, such as renal failure and multiorgan dysfunction syndrome (MODS), and mortality in critically ill patients (33) , our data revealed 1.8-fold higher Neo1 plasma concentrations in children with ACS versus those without ACS, and 1.7-fold higher plasma levels in children with ACS versus control ICU patients ( Figure  10B ). When comparing the Neo1 plasma levels with the severity of illness, we found that significantly increased levels of Neo1 0.69). Since plasma levels of Neo1 were significantly higher in the CI+ACS group than in the CI-ACS group, the results of LDH analysis thus indicate that the main source of Neo1 most likely does not arise from cell lysis (Supplemental Table 6 ). Moreover, the PICU length of stay was also correlated with increased levels of Neo1 ( Figure 10C ). Since mortality is one of the most reliable endpoints of clinical management in the ICU, we investigated whether plasma Neo1 could be a mortality predictor in critically ill children. We found Neo1 to be 5.0-fold higher in nonsurvivors compared with survivors and 5.7-fold higher in nonsurvivors tal Table 5 ). To clarify whether increased cell lysis might have caused an increase in membrane-bound Neo1 entering the plasma, we subsequently analyzed the serum concentrations of lactate dehydrogenase (LDH). All children enrolled into our study had a mild (non-critically ill [NCI] PICU controls) to marked increase (critically ill [CI] groups) in LDH serum concentration (normal reference values age-dependent, approximately <344 U/l). The difference in circulating LDH between controls and test groups was significant (P = 0.03). On the other hand, there was no significant difference between CI-ACS and CI+ACS (P = The predictive value of Neo1 at the admission to the PICU was investigated comparing PICU control patients (PRISM-III score <8), critically ill survivors (PRISM-III score ≥8), and critically ill nonsurvivors. An ROC curve was calculated comparing Neo1 in critically ill survivors with nonsurvivors. Patient characteristics for survivors and nonsurvivors. Results are displayed as median ± 95% CI. Statistical analysis was done by nonparametric Kruskal-Wallis test followed by Dunns post hoc test; correlation was tested using Spearman's rank correlation test, *P < 0.05, **P < 0.01. jci.org Volume 128 Number 10 October 2018
cyte trafficking, recent studies have pointed to additional roles for NGPs in modulating the inflammatory response outside the CNS (6-8, 10, 37, 38) . A crucial target receptor in mediating NGP function in the CNS is the Neo1 receptor. Its function is best described in the nervous system where it guides cell and axon migration during embryonic development (14) . Neo1 provides chemoattractive and chemorepulsive attributes, depending on its ligand binding (12) . More recently, Lee et al. demonstrated a crucial role for Neo1 in the control of junctional stability during epithelial morphogenesis (39) . Neo1 has been studied at the onset of inflammation (9, 15, 38) in peripheral organs; however, its role during the resolution and regeneration phases, particularly the understanding of pathways that can promote or mitigate the resolution of inflammation, remains unclear. Considering that failed clearance of apoptotic cells modifies immune tolerance and promotes nonresolving inflammation (17) (i.e., sepsis), we investigated the role of Neo1 in the apoptosis of neutrophils. The inhibition of Neo1 led to an increase of the find-me signals CX 3 CL1 and CX 3 CR1, the decoy receptor IL-1R2, and the eat-me receptor TIM4 in human apoptotic PMNs or MΦ, and the efferocytosis of apoptotic PMNs was substantially enhanced. In murine peritonitis, Neo1 -/-deficiency displayed enhanced neutrophil apoptosis. This was accompanied by decreased recruitment of classical Ly6C hi cells and an increased population of alternatively activated Ly6C lo and conclusively compared with ICU controls. Receiver operating curve (ROC) analysis comparing survivors with nonsurvivors demonstrated a strong specificity (92.86%, sensitivity 66.67%) for Neo1 plasma levels greater than 36.777 pg/ml, indicating that Neo1 can be a valid predictor of mortality ( Figure 10D ).
Discussion
Results from the present report reveal that the neuronal guidance protein Neo1 contributed not only to the onset of an inflammatory response but also to local inflammation resolution mechanisms and tissue regeneration processes. In this report, we demonstrated that genetic deletion or functional inhibition of Neo1 led to a reduction in neutrophil recruitment at the injury sites and abbreviation of neutrophil lifespan by increasing apoptosis and ultimately inducing MΦ clearance. The biosynthesis of endogenous SPMs and their pathway markers was enhanced in Neo1 -/-mice, and the regeneration of tissue injury was improved. Treatment with an anti-Neo1 Ab demonstrated reduced inflammatory status, indicating acceleration in resolution and promotion of tissue repair. In a cohort that included critically ill PICU patients, we found associations between plasma Neo1 and IAH grade, ACS, PRISM-III score, PICU length of stay, and survival. Together these data point toward a crucial role of Neo1 in the initiation and resolution of inflammatory and resolving/regenerative processes.
Inflammation driven by tissue injury or infection is characterized as modular in its temporal sequence of events, and this is critical for survival. An acute inflammatory response is divided into distinct phases: the initiation phase and the resolution/regeneration phase. The initiation phase (proinflammatory early state) comprises the migration of key inflammatory cells to the site of inflammation, guided by chemical messengers such as cytokines, chemokines, and lipid mediators (23, 36) . The resolution of the inflammatory response is a precisely controlled active process governed by local SPMs that mediate the clearance and killing, efferocytosis, and phagocytosis of apoptotic PMNs to restore tissue homeostasis after injury and phlogistic processes (5) .
A group of guidance proteins was originally recognized for its role in the developing nervous system. Considering the similarities between neuronal cell guidance and leuko- to have a strong impact on key characteristics of resolution. It is evident that critically ill patients might display severe comorbidities that are a major threat to global health. In fact, clinical trials may be the most effective way to investigate the usefulness of novel predictive indications. Therefore, in a cohort of critically ill PICU patients suffering in part from ACS, we found a strong correlation between Neo1 plasma levels and ACS, IAH grade, PRISM-III disease severity score, ICU length of stay, and survival.
In conclusion, our study reveals a key role for Neo1 in controlling inflammation resolution and regeneration programs. Our findings demonstrate that deficiency of Neo1 directly promotes antiinflammatory, proresolving effects (i.e., shortening of resolution phase, activating SPM generation, reducing PMN influx, activating PMN apoptosis, and increasing MΦ phagocytosis of apoptotic PMNs). Moreover, our data revealed that Neo1 correlates with ACS, PRISM-III score, ICU length of stay, and survival in critically ill children, and might therefore evolve as a new clinical marker and therapeutic target in inflammatory conditions.
Methods
Animals. This project was approved by the institutional review board and the Regierungspräsidium Tübingen. WT (C57BL/6N), Neo1
Gt(KST265)Byg ), and littermate control mice (C57BL/6N) were bred and genotyped as previously described (8) . At 8 to 10 weeks old, mice of either sex were assigned to the respective study time points and/or experimental interventions at random.
Murine peritonitis. All animal protocols were performed in accordance with the regulations of the Regierungspräsidium Tübingen and the local ethics committee. All trials took into account Directive 2010/63/EU adopted by the European Parliament and Council. The mice were intraperitoneally injected with 1 ml zymosan A (ZyA; 1 mg/ ml; Sigma-Aldrich, catalog Z4250) and subsequently intravenously with either IgG control (Santa Cruz Biotechnology, catalog sc-2028) or 2 μg Neo1 blocking antibody (R&D Systems, catalog AF-1079) in a total volume of 150 μl. Peritoneal fluids and tissues were obtained at 4, 12, 24, and 48 hours and prepared as previously described (37) . The collected exudates were washed, suspended in PBS (MilliporeSigma), and counted.
Differential leukocyte counts, FACS analysis, and cytokines. Exudate cells from the murine peritonitis models were prepared to determine their cellular composition. The cells were blocked with mouse anti-CD16/CD32 (Biolegend, catalog 101320) antibodies for 10 minutes at room temperature and then stained with anti-mouse APC-Ly6G (BioLegend, catalog 127614), e450-F4/80 (eBioscience, catalog 48-4801-82), and FITC-Ly6C (BioLegend, catalog 128006) antibodies for 30 minutes at 4°C. To analyze the MΦ phagocytosis of apoptotic PMNs in vivo, the cells were permeabilized using a fixation and permeabilization kit (BD Biosciences, catalog 554714) prior to staining with PerCP-Cy5.5-conjugated anti-Ly6G (BioLegend, catalog 127616) for 30 minutes at 4°C. The cells were acquired on a FACSCanto II (BD Biosciences) and analyzed with FlowJo (TreeStar). Cytokines were measured in the murine peritoneal exudates using standard ELISA (R&D Systems).
Lipid mediator lipidomics. LC-MS/MS analysis was carried out as previously described with some modifications (40, 41) . Peritoneal lavage samples were thawed, and internal standards were added and subsequently extracted twice using methanol. The combined organenhanced efferocytosis of apoptotic PMNs. When investigating the role of Neo1 more precisely, we found that in bone marrow and peritoneal monocytes there was a strong reduction of the migratory classical Ly6C hi cells in the peritoneal cavity of Neo1 -/-mice. Neo1 expression was restricted to the peritoneal inflammatory Ly6C hi cells, suggesting that the lack of Neo1 induced a phenotypic switch toward the antiinflammatory and proresolving M2 type. To show in more detail that Neo1 has a direct influence on classical and nonclassical monocytes and efferocytosis, we carried out additional experiments. We exposed bone marrow chimeric mice to ZyA peritonitis and analyzed the leukocytes and clearance at 4 hours and 12 hours after ZyA injection. As expected, bone marrow chimeric animals with hematopoietic Neo1 repression demonstrated a reduction in classical Ly6C hi cells, an increase in nonclassical Ly6C lo monocytes, and finally a strong enhancement of the efferocytic capacity at both time points. As demonstrated before, Ly6C, which is known to be mainly expressed on the migrating proinflammatory monocytes, was markedly decreased in peritoneal Neo1
-/-monocytes compared with littermate controls. This influence was also noted in the bone marrow chimeric animals with hematopoietic Neo repression. Ly6C MFI was markedly decreased in Ly6C hi cells in bone marrow chimeric animals with hematopoietic Neo repression, implying that Neo1 may impact the proinflammatory Ly6C hi monocytes. At the signaling level, we were able to demonstrate the activation of the PI3K/AKT pathway and the suppression of the TGF-β pathway in Neo1 -/-monocytes. Specifically, the activation of the PI3K/AKT pathway has been reported to be a crucial step toward the proresolving M2 phenotype (26) .
Since the resolution of inflammation is induced to a large extent by SPMs, the generation of several of these endogenous classes of SPMs and their pathway markers (i.e., LXA 4 , Mar1, and PDX) were markedly enhanced in Neo1 -/-exudates. Likewise, the metabolites 13,14-diHETE and 19,20-diHDPA, which belong to a different class of antiinflammatory and proresolving lipids and are produced by cytochrome P450, were strongly increased in Neo1-deficient mice compared with their littermate controls. Also, the resolution interval was shortened from 27 hours to 9 hours. The decreased levels of IL-6, KC, MIP2, and MCP-1 within the Neo1 -/-peritonitis lavages collected in the resolution phase 12 hours after ZyA injection underlined the effect of Neo1 on the resolution phase. When determining the therapeutic efficacy of Neo1 in resolving processes, we found that both the prophylactic and the therapeutic functional inhibition of Neo1 activated inflammation resolution programs and promoted tissue regeneration as demonstrated by reduced PMN recruitment, decreased classical Ly6C hi monocytes, and increased nonclassical Ly6C lo monocytes and MΦ, which led to the strong enhancement of MΦ clearance of apoptotic PMNs. The exudate IL-10 and TGF-β levels that contributed to the resolution and regenerative programs (18) were strongly enhanced. The improved tissue repair responses analyzed by PCNA corroborate the critical role for Neo1 in the resolution and regenerative processes. Finally, to clarify the question of whether the loss of Neo1 with genetic deletion or with anti-Neo1 Ab treatment may blunt the initial inflammatory response, giving the false appearance of improved resolution, we injected the anti-Neo1 Ab in the resolution phase 6 hours after ZyA injection, and found anti-Neo1 treatment jci.org Volume 128 Number 10 October 2018 manuscript preparation and figure preparation. VM carried out overall experimental design, conceived of the overall research, and wrote the manuscript.
